Introduction
The meteorological behavior of the tropical tropopause region is of interest for quantifying climate variability and change, and for understanding mechanisms of troposphere-stratosphere coupling. The climatological structure and variability of the tropical tropopause, and mechanisms which maintain that structure, are topics of active research [e.g., Highwood and Hoskins, 1998 In this work we use a relatively new temperature profile data set, derived from Global Positioning System Meteorology (GPS/MET) radio occultation measurements [Kursinski et al., 1996; Rocken et al., 1997] , to analyze the structure and variability of temperatures in the upper troposphere and lower stratosphere (UTLS) during April 1995-February 1997. These GPS/MET data have the advantage of high vertical resolution, plus relatively dense spatial sampling for selected time periods. Nishida et al. [2000] have used these data to examine aspects of the mean tropopause structure, including its seasonal and longitudinal variation. Our work extends their analyses in that we focus on variability evident in the GPS/MET data, in particular for sub-seasonal variability of the cold point tropopause. Although the seasonal changes in tropical tropopause structure are 
Data and Analyses a. GPS/MET temperature data
The GPS/MET Program was established in 1993 by the University Corporation for Atmospheric Research (UCAR) to demonstrate active limb sounding of the Earth's atmosphere using the radio occultation technique [Rocken et al., 1997] . This demonstration system measured occulted GPS satellite signals from a low orbiting satellite (MicroLab-1), with occultations occurring as the instrument sets below the Earth's horizon relative to any of the constellation of 24 GPS satellites. The arrival time of the GPS signal at the instrument is delayed because of refractive bending in the atmosphere, and this information can be used to derive an altitude profile of the atmospheric refractive index. In the neutral atmosphere (below ~100 km) the refractive index is primarily a function of temperature and relative humidity; above approximately 10 km the atmosphere is effectively dry, so that the GPS/MET measurements can be used 5 to derive the profile of temperature. Because of inversion details, data above ~40-50 km are highly influenced by climatology, and hence the GPS/MET temperature data analyzed here are most useful for the region ~10-40 km. The horizontal scale associated with the GPS/MET temperature retrievals is ~300 km (this is the horizontal distance which contributes information along the occultation ray path), and the vertical resolution in the upper troposphere-lower stratosphere (UTLS) is of order 1 km (the data are gridded on a 0.2 km vertical grid). The local time of the measurements varies randomly throughout the day. Further details of GPS/MET and derived temperatures can be found in Rocken et al. [1997] and Kursinski et al. [1997] .
GPS/MET provided occultation measurements for the period April 1995-February 1997. The number of retrieved temperature profiles (and their quality) varies over time with between 0 to ~2000 profiles for individual months [as listed in Table 1 of . Along with examining overall seasonal and interannual temperature changes in these data, we focus on details of tropopause variability for two periods with most dense sampling, June-July 1995 and December-February (DJF), 1996-1997. The JuneJuly 1995 and February 1997 time periods also have the highest data quality, so-called 'prime times' associated with encryption of the GPS signal [Rocken et al., 1997] .
b. OLR data
In order to study coherence with tropical convection, we include here analyses of outgoing long wave radiation (OLR) data as a proxy for tropical convection. Daily gridded OLR data are obtained from the Climate Diagnostics Center web site http://www.cdc.noaa.gov. These daily data are available on a 2.5 degree latitudelongitude grid, with data gaps filled by interpolation to provide complete sampling. [Kalnay et al., 1996] , ECMWF analyses, and UKMO stratosphere-troposphere assimilation [Swinbank and O'Neill, 1994] . Note that the vertical resolution of these analyzed data sets in the UTLS is ~2.5-3.0 km. These comparisons show significant differences near the tropopause (~17 km), where the analyses do not capture the depth or sharpness of the cold point, due primarily to the lack of vertical resolution [as discussed previously in Pawson and Fiorino, 1998, and Randel et al., 2000] . A further region of difference is seen above ~24 km, where the GPS/MET temperatures are higher than temperatures in the analyses. This temperature 'bulge' in the GPS/MET data in January 1997 is associated with the QBO, as shown below in Figure 16 . A weaker amplitude QBO 'bulge' is also seen in the UKMO data in Figure 3 , but the QBO is less evident in the NCEP/NCAR and ECMWF data. The space-time sampling of GPS/MET is most suitable for studying the spatial structure of the tropopause for seasonal means. Here the spatial structure is estimated using a simple Gaussian weighted binning analysis (on a 4° latitude by 30° longitude grid, using Gaussian half-widths of 5° latitude and 50° longitude). shown below in Figures 12-13 . Overall the overlaid profiles in Figure 10 show a large amount of 'wavy' variability in the tropopause region and throughout the stratosphere.
This variability is also observed in co-located radiosonde measurements [Nishida et al., 1998 ], and is probably due to a wide spectrum of tropical waves, such as gravity waves However, the fact that the correlation patterns in Figure 13 are significant only for temperatures to the west of convection is unexpected for MRG waves (which have an eastward group velocity), and these patterns are different from the more symmetric patterns derived from long data records [Wheeler et al., 2000] . This behavior is puzzling and is unexplained at present. In any case, the important points are that (1) the GPS/MET temperatures show strong correlation with OLR in the TTL, and (2) the wave-like patterns demonstrate an influence of convection which is highly non-local in longitude. somewhat larger than that derived from radiosondes [Reed and Vlcek, 1969] or meteorological analyses [Rosenlof, 1995] . The fact that the large annual cycle in tropical temperature occurs only over ~16-22 km is explained quantitatively by the long radiative damping time scales in this region; the temperature response to the annual cycle in the upward Brewer-Dobson circulation is magnified in this region by radiative time scales of order 100 days .
Interannual anomalies in the GPS/MET data are studied by calculating monthly means, subtracting the annual cycle at each latitude and height, and interpolating across months with no data. Figure 16 shows an altitude-time section of temperature anomalies over the equator (± 4° latitude), showing downward propagating patterns over the depth of the stratosphere with an approximate 2-year periodicity. These anomalies are associated with the stratospheric QBO [Baldwin et al., 2001] . The space-time patterns in Figure 16 are very similar to QBO patterns for this time period in UKMO stratospheric analyses [Randel et al., 1999] , but the magnitudes are somewhat larger in the higher vertical resolution GPS/MET data (as can be seen in Figure 3 ). 
Summary and Discussion
GPS/MET was designed as a demonstration system to explore the utility of satellite radio occultation measurements, and the system was operational for almost two years. The GPS/MET measurements provide high vertical resolution temperature profile data, and these agree extremely well with co-located radiosonde measurements in the tropics over ~10-30 km. The spatial sampling of GPS/MET is high for several time periods and this study has focused on the structure and variability of temperatures near the tropical tropopause, and their relationship to convection, in addition to seasonal and interannual variability. The curve at the bottom shows the corresponding time mean OLR structure over 10°N-S, indicating regions of maximum convection. 
